It is clear that climate change involves changes in temperature and precipitation and therefore directly affects land productivity. However, this is not the only channel for climatic change to affect agro-systems. Biodiversity is subject to climatic fluctuations and in turn may alter land productivity too. Firstly, biodiversity is an input into agro-ecosystems. Secondly, biodiversity supports the functioning of these systems (e.g. the balancing of the nutrient cycle). Thirdly, agro-systems also host important wildlife species which, though not always, play a functional role in land productivity, nonetheless constitute important sources of landscape amenities. The present paper illustrates a unique attempt to economically assess this additional effect climate change may imply on agriculture. We first empirically evaluate changes in land productivity due to climatic change effect on temperature, precipitations and biodiversity. Then we estimate the economic cost of biodiversity impact on agro-systems. Our key finding is that climate-change-induced biodiversity impact on European agro-systems measured in terms of GDP change in year 2050 is sufficiently large to deepen the direct climate-change effect in some regions and to reverse it in others. Different economies show different resilience profiles to deal with this effect. 
Introduction
In the 21st Century, the agricultural sector will be radically altered by both natural disasters and anthropogenic factors, including climate change, changing world economies, and potential changes in the Common Agricultural Policy (CAP) and the subsidies currently paid to farmers and land managers. Both climate change and socio-economic drivers will affect crop productivities and agricultural land use patterns. The work of Rounsevell et al. (2005) shows that climatic impacts on agriculture vary across different climate scenarios and land use changes will also influence future land management scenarios.
Many studies have already coped with the difficulty of projecting variation in land productivity caused by climatic change induced fluctuations in temperature and precipitation. Brown and Rosenberg (1999) , Rounsevell et al. (2005) and Kan et al. (2009) are just few representative examples. However, this is not the only channel for climatic change to affect agro-systems. Biodiversity is subject to climatic fluctuations and in its tern may alter land productivity. This research aims at analyzing the potential effects of biodiversity variation due to climatic changes on the agricultural sector in Europe in terms of the changes in land productivity for various crops, agricultural output and ultimately GDP. Our analysis focuses on the depiction of different future scenarios of the agricultural sector in the next 40 years following four IPCC scenarios, i.e. A1FI, A2, B1 and B2. The proposed economic valuation of consequences of climate-change-induced change in biodiversity is anchored in a three step approach. The first step is the determination of the role of biodiversity in creating agro-ecosystems. The second step is empirical evaluation of the reduced quantity and quality of agro-system services. Here, the magnitude of climate change impacts on agricultural productivity is isolated and estimated by an econometric application where biodiversity is tested as being a determinant of agricultural yield. The third step is the (monetary) valuation of that loss employing Computable General Equilibrium (CGE) model. To the best of our knowledge, this study represents an original attempt to uncover climate-changeinduced impact of biodiversity on agro-systems.
The paper is organized as follows. Section 2 discusses a roadmap to the monetization of climate change impacts on agro-ecosystem services, exploring the role of the two agrosystems of croplands and grasslands respectively. Section 3 focuses on the assessment of climate change impacts on provisioning services, with particular attention paid to the role of biodiversity. Section 4 provides an economic valuation of regional GDP loss due to 4 services under the climate change scenarios, and ultimately to the economic valuation exercise. 
Biodiversity indicators in the agriculture system
Multiple dimensions of biodiversity in cultivated systems make it difficult to categorize production systems into ''high'' or ''low'' biodiversity systems, especially at spatial and temporal scales. In agro-ecosystems a distinction has been made between 'planned' and 'associated' diversity (Swift et al., 2004; Walker and Steffen, 1997) . 'Planned' diversity refers to plants and livestock deliberately, imported, stocked and managed by farmers. The term 'associated' refers to the nature of the biota (plant, animal and microbial), associated with the planned diversity and influenced by its composition and diversity. Farmers play a dominant role in the context of agricultural biodiversity by the selection of the present biodiversity stock, by the modification of the abiotic environment and by interventions aimed at the regulation of specific populations ('weeds', 'pests', 'diseases' and their vectors, alternate hosts and antagonists).
It is widely recognized that the relationship between cultivated systems and biodiversity is complex (Macagno and Nunes, 2009) . Firstly, biodiversity is an input into agro-ecosystems (e.g. genetic resources for food and agriculture). Secondly, biodiversity supports the functioning of agro-ecosystems (e.g. the balancing of the nutrient cycle).
Thirdly, agro-ecosystems also host important wildlife species which, though not always, play a functional role in land productivity, nonetheless constitute important sources of 5 landscape amenities. Finally, agro-ecosystems can have an effect on biodiversity in the surrounding areas outside the cultivated fields, for example habitat fragmentation impacts.
More recently, studies of intensive agro-ecosystems have pointed out that permanent grasslands represent "hot spots" of biodiversity (Giardi et al., 2002; Anger et al., 2002; Bignal and McCracken, 1996; de Miguel & de Miguel, 1999; Nagy, 2002; EEA, 2007) .
Furthermore, the quality of soil is also higher in permanent grasslands with respect to arable lands as confirmed by the many soil quality indicators (organic carbon, aggregate stability). Against this background, the ratio between cropland and grassland can be employed as a proxy indicator for the measurement of the levels biodiversity in agroecosystems.
This, in turn, can be tested to determine if a significant role is played in the levels of supply of provisioning services. In other words, we can investigate whether this indicator affects the productivity of croplands. Furthermore, we propose to evaluate this link in the context of global climate change through a methodological framework that is discussed in the following section.
Assessing the impact of climate change on the provisioning services of agroecosystems

A methodological framework
To understand the interface between climate change and the provisioning services of agroecosystems, a graphical presentation is given in Figure 1 below. First of all, land productivity for different crops is affected by physical climatic variables (CC) including temperature and precipitation, and by the level of technology (T). In turn, both are anchored in the specific IPCC scenario under consideration ranging from AIF1 to B2. In addition, a biodiversity variable (Bio) is also assumed to impact land productivity. 
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This section proceeds with presentation of the data used for estimating equation 1, focusing first on cropland and grassland data and its projections across the different IPCC story lines. We then discuss the results.
The grassland and cropland land-use data
Before entering into a specific discussion on the data, it is important to note that the methodological framework in this study focuses on 33 Table A1 , in the Annex, and 92.5 million hectares of grassland -see first column in Table A2 , Annex. A large proportion is dedicated to cereal crops -see Table   A3 , Annex. With respect to production, crop yields of each of the selected crop categories are derived from the FAO database in terms of weighted average yield (i.e. t/ha, harvested production per hectare) -see Table A13 , Annex. As an illustration, in Italy, the total land area for bio-energy production is estimated to be 355,000 ha in 2005, about 3.6% of total cropland area. The majority of the land area for bio-energy production, about 83 per cent, is devoted to oil crops (used for biodiesel), and the remaining 11 per cent is used to cultivate ethanol crops. Bearing in mind the lack of data at the individual country level on the distribution between these two land uses, we assume the same proportions to calculate the oil crops and cereals used for biodiesel and ethanol production at country level, respectively. With respect to the remaining non-EU countries, the distribution is based on the average estimate of relative area devoted to bio-energy of the EU member states located at the same latitude.
Moreover, we assume that the quantity of oil crops and cereals used for bio-energy production equals that of food crops -see last column in Table A4 , Annex. This assumption enables us to calculate the total production of bio-energy -see Tables A14 and   A15 , Annex. Again, taking Italy as an example, our calculation shows that about 1 million tons of oil crops and more than 167,000 tons of cereals are used for bio-energy production.
Next, we estimate the agricultural areas assigned for cropland, grassland and bio-energy production in each country in 2050. Here we adopt two approaches. Tables 1A and 2A respectively for croplands and grasslands.
Projections of land productivities for all four IPCC scenarios are the focus of the next section.
Land productivities under different IPCC scenarios: results
As seen in Figure 1 , the estimation of the future crop yield takes into account the impacts of advancements in technology (T), direct climate effects (CC) and biodiversity contributions (Bio). With respect to the technology factor (T), the parameter value was derived from Ewert et al. (2005) who provide a mean coefficient for Europe -see Table 2 .
For instance, in the global economic scenarios (A1 and A2) show higher technological impacts on crop productivity when compared to the B's scenarios. As an illustration, the actual cereals yield in Italy may increase from present 5.4 t/ha to 6.8 t/ha in 2050 in the scenario B2, using the parameters of relative change in crop productivity presented in Table 2 . Source: Ewert et al., (2005) In addition, with respect to climate change impacts, the coefficient (CC) was calculated on the basis of a study developed by Tor (2007) , which estimates the relative wheat yield changes in 2050 for the European Environmental Zones under different IPCC scenarios.
The information regarding the percentage of each environmental zone within the EU countries is used to calculate a weighted average for an estimation of the relative wheat yield changes for all 33 European countries of interest. Moreover, since wheat is the most cultivated crop in Europe, it is considered the most representative of net primary production (NPP) variation and can therefore be an important crop to be studied in terms of the consequences of changing climatic parameters (such as temperature, precipitation and CO 2 ). All of the calculated CC coefficients are reported in Table 3 . Again as an example, considering the present Italian cereal productivity (5.4 t/ha) and a CC coefficient value of 0.94 for the scenario A1FI, this country's cereal yield in 2050 will be 5.4 t/ha× 0.94 = 5.08 t/ha as a result of the future climatic variation.
Finally, with respect to biodiversity impacts, the coefficient (Bio) was calculated on the basis of an econometric exercise that isolated the marginal impact of biodiversity as modeled by equation 1. We created an ad hoc database for the analysis on wheat yields, covering 19 countries over the period 1974 and 2000, see a sample in Table A16 , Annex.
Moreover, information regarding wheat yield, grassland and cropland areas, total fertilizers used and total tractors is derived from FAO statistics whereas information about temperature and precipitation is derived from the Tyndall database. The regression model results are summarized in Table 4 . We can see that the model is statistically significant (P<0.01),
as are other variables selected. In particular, the GR/CL parameter is significant (P<0.01) with a coefficient g of 0.549. This implies that, if the actual ratio GR/CL is 0.44 for Italy (from Table A1 and A4, Annex), the contribution of biodiversity to the wheat yield is 0.44× 0.549 = 0.24 t/ha. At this point, it was possible to calculate changes in land productivity due to changes in biodiversity based on the estimated variation (D) of the ratio GR/CL for the IPCC scenarios in 2050 (using data from Table 1 For example, assuming that the actual wheat yield is 3.2 t/ha, the GR/CL is 0.39 and 0.33 at present, and we operate in the A2 scenario (2050), then the final coefficient will be: Table 3 . At this stage, we are finally able to obtain disaggregated total crop productions (tons) for the different IPCC storylines. The calculation is conducted using the formula below, and the results are reported in Tables A5 -A12 , Annex.
(Equation 4):
As an example, assuming that present cereals yield in Italy is 5.4 t/ha, its predicted value for the B2 scenario will therefore be 6.7 t/ha (5.4 t/ha × 1.24 according to Table A16 , Annex). Taking into account the estimated cropland area, the total cereals production in 2050 is estimated to be more than 21 Mt for the B2 scenario -see Table A5 Table 3 .
Economic valuation of the linkages between Climate change, biodiversity and the productivity of European agro-ecosystems
Most of the economic studies of biodiversity end up with sectoral, partial-equilibrium analysis. However, agricultural products are important market commodities for human consumption. The projection of the agricultural output and respective market prices are therefore subject to standard macro-economic theory, determined by the future supply and demands of these commodities under climate change scenarios. For this reason, the economic valuation of crops in the scenario of climate change shall not be tackled in a partial equilibrium analysis. Instead, we apply the quantitative information obtained from the physical projections in Section 3 to a general equilibrium model. This way we are able to evaluate, in economic terms, the impact of climate-change-induced variation in biodiversity on the productivity of agro-systems.
The Methodological Framework
We employ a static multi-regional CGE model of the world economy called GTAP-EF (Roson, 2003; Bigano et al., 2006) . The latter is a modified version of the GTAP-E model (Burniaux and Troung, 2002) , which in turn is an extension of the basic GTAP model (Hertel, 1997) . It is calibrated to replicate regional GDP growth paths consistent with the A2 IPCC scenario and is then used to assess climate change economic impacts in 2050 with respect to 2000.
Although regional and industrial disaggregation in the model may vary, the results presented here refer to 19 macro-regions in which several European countries appear disaggregated, as distinct economic entities, whereas the rest of the world is aggregated in four major trading blocks. Regional economies are represented by 19 sectors which can be classified in three major industries, where land using industries are presented in broadest disaggregation possible in GTAP database. Table 5 depicts the regional and sectoral disaggregation.
As in all CGE frameworks, the standard GTAP model makes use of the Walrasian perfect competition paradigm to simulate adjustment processes (Ronneberger et al., 2009 ).
Industries are modelled through a representative firm, which maximizes profits in perfectly competitive markets. The production functions are specified via a series of nested Constant which is used to account for possible differences in income elasticities for the various consumption goods. Proposed here economic valuation of consequences of climate-change-induced change in biodiversity is fastened in a two step approach. The first step is creating benchmark data-sets for the world economy "without climate change" at year 2050, using the methodology described in Bosello and Zhang (2005 The second step is imposing over this benchmark equilibrium climate-changeinduced temperature and precipitaions (CC), as well as biodiversity (Bio) impacts on land productivity for crops in different regions employing estimations presented in Table 3 . For GTAP-EF regions, which absent from analysis in Section 3, we used values from available countries in same geo-climatic category, including latitude groups 35°-45°, 45°-55°, 55°-65° and 65° to 71° as we used before. We run this model for four scenarios about the climate (A1F1, A2, B1, B2). In this way, GTAP-EF generates three sets of results: a baseline growth for the world economy, in which climate change impacts are ignored, and counterfactual scenarios in which temperature and precipitaions, and biodiversity impacts are imposed. Table 6 presents changes in output of a representative crop, wheat, due to climate-changeinduced variations in temperature and precipitations (CC), and biodiversity (Bio) in year 2050 versus baseline projection. Here already evidences for significant effect of biodiversity above direct climatic impact can be observed. For instance, examining percent change in wheat output in Italy under A1F1, A2 and B2 scenarios, it becomes clear that biodiversity added effect reverses direct climatic change impact, so that wheat production is projected to increase with Bio when compared to benchmark dynamics. The output change is negative when only direct CC shock is evaluated.
Results
15 The comparison between climate induced temperature (CC) impact with the combined effect of temperature and biodiversity (Bio) on agricultural output and regional GDP allows us to detect the marginal effect of biodiversity on these economic variables. As illustrates Figure 2 , for some regions, the added effect of biodiversity operates in the same direction as temperature change. However, there are regions where this effect is reversed and in some cases it is even larger than temperature and precipitations impact so that the overall effect operates in the opposite direction.
Figure2-Percent change in regional GDP in 2050 due to temperature and biodiversity variation under B1 storyline versus baseline. Table 7 reflects that this GDP pattern presents in all storylines. Here, "+" stands for cases where the marginal impact of biodiversity is non-negative, and "-" otherwise. Lighter colors of the cells signal when biodiversity impact on agro-ecosystems reverses direct climatic, CC, effect. Close examination of the outcome illustrated in Table 7 at the B1 scenario) the magnitude of the negative impact marginal economic impact of biodiversity above temperature effect on land productivity is such that reverses the original CGE welfare impact; and, finally, e) for all non European countries, including China and India and the rest of the World, the marginal impact of biodiversity is non-negative, however of low magnitudes. 
To summarize, despite the fact that in general we are assisting to a worldwide decrease in the levels of biological diversity, from an economic perspective, which is here approached from the productivity of the agro-ecosystems, this stylized fact is not always corresponding to a similar welfare or GDP change pattern to all. In fact not only European countries will experience diverse impacts. Some countries will more impacted than others, more countries will lose more than others, and some countries will gain, depending on the geographical location, existing markets and profile with respect to biodiversity indicators and land use patterns.
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Conclusions
We propose to contribute to the ongoing study of the relationship between biodiversity, ecosystem services and human well-being. In particular, this study reports an economic valuation of the economy-wide consequences of climate-change-induced change in biodiversity. This approach depicts the world economy as a system of markets interacting through exchanges of inputs, goods and services responding to changes in relative prices induced by climate shocks. In other words, market-driven or autonomous social-economic adaptation is explicitly described, the mechanisms through which it is likely to operate are highlighted, and the interaction of impacts is stressed. , 196, 901 1, 027, 620 946, 250 592, 441 Poland 10, 377, 542 21, 292, 797 18, 284, 558 16, 743, 705 10, 483, 130 Romania 3, 738, 594 6, 722, 592 5, 801, 235 5, 234, 134 3, 302, 201 
